The indicator function of the fluorescence signals of the cyanopigments phycocyanin and phycoerythrin as early warning parameters against the microcystins in drinking water was investigated by lab-and pilot-scale studies. The early warning function of the fluorescence signals was examined with regard to the signals' real-time character, their sensitivity and the behaviour of the cyanopigments in different treatment stages in comparison to microcystins. Fluorescence measurements confirmed the real-time character, since they can be carried out on-site without the pre-concentration of pigments. The limit of detection of phycoerythrin is determined at 0.7 mg/L and of phycocyanin at 5.3 mg/L respectively. If the pigment/microcystin ratio is known and calculated to be higher than 1, very low microcystin concentrations can be estimated by the fluorescence signals. The compared behaviour of both pigments and selected microcystins (MC-LR and MC-RR) during water treatment shows that pigments have an early warning function against microcystins in conventional treatment stages using pre-oxidation with permanganate, powdered-activated carbon and chlorination. In contrast, cyanopigments do not have an early warning function if chlorine dioxide is used as a pre-oxidant or final disinfection agent. In order to use pigment control measurements in drinking water treatment the initial pigment/toxin ratio of the raw water must be known.
INTRODUCTION
The occurrence of cyanobacterial toxins in surface water bodies is recognised as a world-wide human health problem. In many countries surface water is used for drinking water production. MCL (maximum contaminant levels) for cyanotoxins in drinking water have been derived by the WHO with a provisional guideline value of 1 mg/L for daily exposure to the hepatotoxic cyanotoxin are, the higher the level of dissolved toxins that can be expected in water.
The induced toxin release is caused by different stress factors which have an impact on the cyanobacteria at different stages of water treatment. Mechanical stress is caused by mixing and stirring when agents such as coagulants or powdered-activated carbon are added to the water. During filtration, pressure differences and shearing forces decrease the stability of the cyanobacteria and can cause cell damage (e.g. Lawton & Robertson 1999; Drikas et al. 2001; Schmidt et al. 2002) . Waterworks using oxidative treatment, e.g. preoxidation with permanganate, chlorine as well as chlorine dioxide or ozone, destabilize the cells by chemical oxidation (e.g. Petrusevski et al. 1996; Pietsch et al. 2002) .
The analysis of cyanotoxins throughout a water treatment stage is expensive and time-consuming. Nevertheless, waterworks need rapid information. A rapid analytical method for real-time process control could be the monitoring of the blue and red cyanopigments phycocyanin (PC) and phycoerythrin (PE), respectively. The determination of cyanopigments by fluorescence techniques is comparatively easy (e.g. Bryant 1982; Izydorczyk 2005; Cagnard et al. 2006 ).
However, very little is known about the behaviour of dissolved cyanopigments during different water treatment stages and complete processes. This article discusses the use of the two cyanopigments phycoerythrin and phycocyanin as indicators of microcystins in drinking water. The sensitivity of the pigment analysis was determined by calibration curves with standard compounds.
The removal of selected microcystins, phycoerythrin and phycocyanin by activated carbon was determined and compared. Experiments for oxidation and adsorption of microcystins and both pigments were carried out in lab-scale experiments using standard analytical compounds. In order to recognize the behaviour of cyanotoxins and cyanopigments under real conditions, systematic pilot-scale studies with cyanobacteria containing water were carried out.
MATERIAL AND METHODS

Raw water and cyanobacteria
Plankthotrix rubescens was used for all experiments involving cyanobacteria. This organism occurs seasonally in the Weida reservoir in Thuringia at biovolumes of between 0.1 , BV , 8.0 mm 3 /L .
During the period in which the experiments were conducted Planktothrix rubescens from this bloom formed the red pigment phycoerythrin and the blue one phycocyanin. For laboratory experiments the cyanobacateria from the Weida reservoir was additionally cultivated in the laboratory using a basal medium (Pringsheim 1954; Rao et al. 1994) .
Analysis
Cyanopigment calibration standards were obtained from 
Oxidation
For oxidation, sodium hypochlorite solution (Riedel de Haen) and potassium permanganate (Merck) were used.
Chlorine dioxide was generated in the laboratory using peroxide sulphate and sodium chlorite (DEGUSSA 1990) .
The chlorine doses added covered seven concentrations in the range of 1.4 to 14.1 mmol/L (see Table 3 ). Chlorine dioxide was added in doses of 3.0, 7.4, 14.8 and 22.4 mmol/L.
Potassium permanganate was applied at six levels from 1.2 to 25.3 mmol/L (see Table 3 ). Ozone was adjusted to four concentrations: 4.2, 10.0, 20.1 and 31.2 mmol/L. The ozone was added from a stock solution (20 mg/L), which was produced from air by a Sorbios generator.
For oxidation experiments, model water (TOC , 0.3 mg/L) with a natural salt matrix, adjusted to pH ¼ 7.2 was used.
The degradation of both pigments was analyzed for 60 minutes at 2 minute intervals. The cyanotoxin concentration was measured at 10 minute intervals. The contact time was adjusted by quenching the residual oxidants with thiosulphate prior to analysis.
Pilot-scale experiments
Pilot-scale experiments were carried out using a pilot plant with a flocculation unit, ozone generator (Sorbios), and points for dosing of permanganate and powdered-activated carbon. The filter DN 240 was filled with hydroanthracite N and sand. Four sampling points were installed at several heights of the filter: 1. height I: "head of hydroanthracite", 2. height II: "hydroanthracite/sand-line", 3. height III: "middle of sand layer" and 4."filter effluent"
The operational conditions of the pilot plant are characterized in Table 1 . 
RESULTS
Analysis of cyanopigments
In Figure 1 Tests for pigment determination were made in six waters of different origin by dosing the same pigment concentrations.
The average standard deviations were calculated at 12% for PE and 16% for PC respectively.
During the experimental period, the native Planktothrix rubescens in the Waida Reservoir was characterized by an average total content of 8 mg/L phycoerythrin, 53 mg/L phycocyanin and 2.5 mg/l microcystin (sum of MC-LR and MC-RR). The ratio of pigment to toxin level was calculated at 3 (PE/MC) and at 21 (PC/MC) respectively ( Table 2 ).
The cultivated Plankthotrix rubescens also formed both pigments. As in the native organisms, more phycocyanin was formed in the cells. The average toxin production of the cultivated algae cells was higher than in the native organisms of the Waida reservoir (see Table 2 ).
Laboratory-scale experiments
Oxidation
The most recent studies have shown that the reaction of oxidants with MC-LR is second order (e.g. Onstad et al. In Figure 3 the linear correlation of k 1(pseudo) via the concentration of permanganate is shown.
In 
Adsorption on activated carbon
One of the most efficient measures for microcystin removal from water is the application of powdered-activated carbon (Lambert et al. 1996; Donati et al. 1997; Cook & Newcomb 2000) . A decisive question is that of the adsorbability of the dissolved cyanopigments phycocyanin and phycoerythrin. 
Microcystins
Pilot-scale studies
The removal efficiencies of microcystins and pigments were The carbon reduces the toxins MC-LR as well as MC-RR.
Nevertheless, the removal of dissolved phycoerythrin and phycocyanin was considerably lower in comparison, because the adsorbability of both protein-like macromolecules on activated carbon is low.
In Figure 8 , the ratio between both pigments and the sum of all toxins analysed is shown throughout different 
DISCUSSION
The effective use of cyanopigments as indicator of microcystins in raw water and during the water treatment process is subjected to the following limitations. The impact of ozone, chlorine and permanganate on the degradation of dissolved pigments and microcystins was comparable. The indicator function of pigments can be confirmed. In the case of chlorine dioxide application, the indicator function of both pigments was less significant, because the pigments were oxidized much more rapidly by chlorine dioxide in comparison to microcystins.
If powdered-activated carbon was applied, the microcystins were more effectively removed than pigments.
The behaviour of pigments and microcystins during the filtration steps, especially its accumulation in the filter bed was comparable.
The results show that in many cases pigment fluorescence can be used as an indicator of microcystin occurrence in drinking water. The application of fluorescence measurements in raw water and different stages of water treatment can help to reduce time-consuming and expensive toxin measurements. 
